We exploit geometric properties of quantum states of light in optical cavities to carry out quantum non demolition measurements. We generalize the "mode-invisibility" method to obtain information about the Wigner function of a squeezed coherent state in a non-destructive way. We also simplify the application of this non demolition technique to measure single-photon and few-photon states.
I. INTRODUCTION
Quantum nondemolition (QND) measurements [1] [2] [3] try to obtain the maximum information possible about a quantum system while minimizing the measurement back action. Since its conceptual introduction, there has been a lot of theoretical [4] and experimental [3, [5] [6] [7] [8] progress in this field. QND measurements of the number of photons in Fock states of light have been very successfully implemented in quantum optical settings [9] .
In our earlier work [10] we proposed a quantum non demolition measurement of Fock states of light taking advantage of the spatial symmetry of the modes of the field in an optical cavity. We called this technique "mode invisibility". Using this technique we showed that an atomic probe, on resonance with the target field mode we want to measure, can be sent through a cavity in such a way that the state of light in that mode is not altered, but at the same time the atom acquires a non-negligible phase easily appreciable in an atomic interferometry experiment. We exploited the mode-invisibility technique to suggest that a setting of two optical cavities-one containing a known state of light and another one containing the state of light that we want to probe-allows for the effective distinction of Fock states containing very few photons.
Unfortunately Fock states of light are difficult to generate. We are therefore led to consider using coherent states that are experimentally much more controllable and easier to realize. In this article we extend the modeinvisibility technique to the non-demolition measurement of coherent states of light [11, 12] and squeezed coherent states [13] . We will show that it is indeed possible to obtain information about an unknown Fock state without having access to another Fock state.
This advantage extends to other states of light. We will demonstrate ways in which the mode-invisibility technique can yield information (other than the average photon content) about more complex states of light, such as squeezed coherent states. In general it is not obvious * monumaka@uwaterloo.ca † rbmann@uwaterloo.ca ‡ emartinm@uwaterloo.ca that the adiabatic approximation can be satisfied in the course of obtaining information about the physical parameters of squeezed coherent states. However, we will see that the adiabatic approximation is indeed fulfilled.
What is more, we will discuss the possibility of gaining information (in a non-destructive way) about some features of the Wigner function of more general states of light, such as the relative difference in the phase of a squeezing and a phase space displacement.
II. CRITERIA FOR QND MEASUREMENT
We remark here that the key features of a QND measurement include its ability to preserve useful information for subsequent processing and its repeatability, in which quantum-state evolution into a different state is prohibited and successive measurement yields the same result as the first measurement.
In a general measurement scheme, the system to be measured is coupled to a probe system, and the interaction of the two systems correlates the states of the probe and measured system. For the measurement to be a QND measurement, the measurement scheme should satisfy a set of conditions [14, 15] that we recapitulate below.
1. There should be some information about the measured observable which is encoded in the probe system after the interaction.
2. The measurement should not affect the measured observable after the measurement.
3. The measurement should be repeatable: Identical repeated measurements of the system should consistently provide the same outcome.
In our previous work we proposed to obtain information about the average photon population through an interferometric phase. If we already know that the target state is a Fock state, we can distinguish Fock states from each other. The mode invisibility technique is indeed a QND measurement for the following reasons:
1. The interferometric phase encodes information about the number of photons and it is resolvable to a precision that tells apart few-photon states satisfying the QND criterion 1.
2. The probability that the measurement takes the system to a different state is many orders of magnitude below the intensity of the signal (P ∼ 10
for physical parameters), showing that the system does not get perturbed after the measurement.
3. Given this probability for physical parameters, for our measurement outcome to be significantly altered, the measurement has to be repeated of the order on more than 10 15 times.
In this work we generalize the mode-invisibility technique to measure more general states of light such as coherent states and squeezed coherent states. However, it is not guaranteed a priori whether the QND criteria are satisfied in this more general scenario. Nevertheless, we will show that the mode invisibility technique, originally intended for the measurement of Fock states, still provides a QND way to acquire information about general states of light.
III. BACKGROUND
Let us briefly introduce the usual description of the different states of light to which we will apply the modeinvisibility technique.
First, a coherent state of light |α , (α = |α|e iφ ∈ C) is defined as the eigenstate of the annihilation operator (â) when acting from the left (i.e.,â|α = α|α ). It models relatively well the photon population of the outcome of a stationary laser source. In the number basis, {|n }, a coherent state |α takes the form
which is obviously well normalized α|α = 1 . It is straightforward to check that the expectation value of the photon number in a coherent state is n = |α| 2 . Additionally, it can be shown that the action of the displacement operator
on the vacuum state is
The action of the displacement operator on the creation operator (a † ) and annihilation operator (a) which obey the commutation relation [a, a † ] = 1, is given by
respectively. The second state of light we wish to discuss is the squeezed state [16] . Squeezed states describe very well the outcome of many non-linear quantum optics light sources (e.g, parametric down-conversion, etc.) [17] and they have been widely studied in the past years as they have been proven useful for optical communications [13, 18] and for quantum metrology [14, 19] among other disciplines. They are states that minimize the uncertainty relationships with phase-sensitive fluctuations (where the uncertainty in the x and p quadratures is not necessarily the same). We will study the properties of squeezed states [20] ; in particular squeezed coherent states and squeezed vacuum states [21] . We will use the mode-invisibility technique to show how one can extract information about the degree of squeezing, the amplitude of the displacement, and some features of the Wigner function of squeezed coherent states of light ( the relative phase between squeezing and displacement) without significantly perturbing the state.
A representation of a squeezed coherent state can be obtained by applying the squeeze operator
on the coherent states of light
with magnitude |S(ζ)| = r, (0 ≤ r < ∞) and phase φ, (0 ≤ φ ≤ 2π) respectively [13] . The annihilation and creation operators transform under squeezeing as
where we consider an interaction time from t = 0 to t = T. Equation (6) indicates that the state is unchanged after the measurement process. Quantitatively this criterion will manifest itself insofar as the transition probability of the system into a different state during the duration of the measurement is approximately zero. The mode-invisibility technique measures the photon content in a given state of light [10] . How this non demolition measurement technique can be sensitive to the relative phase of the displacement operator D(α) and squeeze operator S(ζ) that characterize a squeezed coherent state does not seem obvious. We will show in this paper that we can indeed detect this relative phase difference without difficulty. We will also show that the interferometric method [10] can achieve a squeezing sensitivity within the range r ∈ [0, 2] that is experimentally realizable [22] . A detector moving at constant v is sent into the interferometer to probe the unknown light state on resonance, but in a nondestructive manner using the mode-invisibility technique.
IV. SETTING
Our goal is to present a technique to measure the features that characterize coherent states and squeezed states (squeezed coherent states and squeezed vacuum states) of light without significantly perturbing them. We consider a detector in the form of a single atom with two energy levels-ground |g and excited |e -with atomic transition frequency Ω. The detector is coupled to the target mode of the light field in an optical cavity. We will focus on the dynamical phase acquired by the atom crossing the cavity. If its coupling to the field state is very weak, we expect that after an interaction time T, the atom will exit the cavity without altering the probability distribution of the field state [9] , perhaps with a dynamical phase. We seek to enhance the phase acquired by the atom as it flies through the cavity so as to improve prospects for the measurement of this phase via interferometry. If the atom is highly off resonant with the probed field mode, the action of that atom on the field will be minimized. However, the phase is also larger the closer we are to resonance [10] . Ideally we would like to let the atom interact strongly with the relevant field mode, placing the field mode in resonance with the atomic gap. Figure 1 shows our measurement setup as illustrated in [10, 23, 24] . In the present work we analyze this basic setting when the target field state is an optical coherent state or a squeezed state defined by the parameters α and ζ respectively. We show that the phase acquired by an atom crossing a cavity containing either of these quantum field states will carry information about their parameters without perturbing the field states significantly. By so doing we will be able to differentiate a coherent state with parameter α from another with parameter α . In the same way, we will also be able to differentiate between a squeezed state with parameter ζ and another with parameter ζ . We will see that it is also possible to gain some information about the phase space distribution of a squeezed coherent state other than the expectation value of the photon number. Finally, we will see that the mode invisibility technique using simple coherent states as an interferometric reference can be employed to probe different states of light (either Fock states, other coherent states, or squeezed states). This class of states is generally easy to produce in the laboratory.
For the light-atom interaction we consider the same model as in [10] , regarding the atom as a two-level system, much like a Jaynes-Cummings Hamiltonian in which neither the single-mode nor the rotating-wave approximation is carried out. Specifically the light-matter interaction Hamiltonian [23] [24] [25] will be the Unruh-de Witt model H I = λµ(t)φ[x(t)], which is known to model the interaction between two level atoms and the electromagnetic (EM) radiation field if there is no exchange of orbital angular momentum involved in the atomic transition [26, 27] . The atom couples pointlikewise to the field φ[x(t)] along its trajectory x(t) through its monopole moment µ(t) = (σ + +σ − ) where σ + and σ − are the creation and destruction operators for a two level atom respectively. λ is the coupling strength. The quantum field is contained in a perfectly reflective cavity of length L. Under these assumptions, the interaction Hamiltonian is
where the field is expanded in terms of the stationary wave modes of the Dirichlet cavity. We define the time evolution operator from a time t = 0 to a time t = T as
where T is a time ordering. Under this evolution operator, the n−th order perturbative correction to the joint state of the atom-field system will be given by
after time T, where |ψ(0) is the initial joint state, with the different U (n) (0, T ) being
V. THE MEASUREMENT SCHEME
A. The weak adiabatic assumption and mode invisibility
Suppose the atom is prepared in its ground state |g . To ensure that its interaction leaves the field unperturbed, we will compute its transition probability into a state different from the original configuration, and require this quantity to be very small. This is equivalent to demanding that the probability that the system remains in the same initial state after the atom crosses the cavity is approximately unity. In other words, we require
hence the joint system evolves to the same system apart from a phase factor
where γ is the phase factor to be determined. We call this condition the "weak adiabatic assumption". As we will discuss below, this criterion will be satisfied for all the cases considered here due to mode invisibility. The weak adiabatic conditions (11) and (12) ensure that the QND criteria 2 and 3 are satisfied.
Since global phases are not measurable we will employ an atomic interferometric scheme [10] to compare the phase difference between two quantum field states: the unknown quantum field state that we would like to measure, and a known quantum field state that acts as a reference. This will allow us to identify states within a known one-parametric family of states.
Consider the coupling between our detector and a squeezed coherent state trapped in an optical cavity. Let |ζ, α β be a squeezed coherent state in the cavity mode β of frequency ω β while all the rest of the modes are prepared in very sparsely populated states. Therefore the joint initial state of our system will be well described as
Using the evolution operator (8), one can evaluate the state |ψ(T) of the system at a time T, [see Eq. (9)]. Since we require that the interaction between the atom and the squeezed coherent light does not alter the state of the combined system, we can estimate the excitation probability of the combined system after an interaction time T to be [10] ,
where U (1) is the first order contribution to the unitary operator (8) , given as
and for notational convenience we have defined
Tr F is the partial trace of the joint system over the squeezed-coherent field state. In the form of a density operator, Eq. (13) gives ρ 0 = |g g| ⊗ |ζ, α β ζ, α| β . If we define this density operator in terms of the squeeze and displacement operators it is easy to evaluate Eq. (14) following the cyclic property of a trace (see the Appendix).
After an evolution time T we obtain
where, to shorten notation, we have defined sinh(r) = S(r) and cosh(r) = C(r).
For a large range of values of r, θ, φ, α (and in particular for all those studied in detail below), and for the speed of the atomic probe in the range v ≈ 1 − 1000m/s, we find that we can achieve values P α,r |e 1, implying that the detector negligibly perturbs the field state during the interaction as per QND requirement 2. Using (2) and (4) we see that the squeezed coherent state |ζ, α β = S(ζ) β D(α) β |0 contains both the squeezed vacuum state S(ζ)|0 and the coherent state D(α)|0 as special cases. Hence (17) also gives the correct transition probabilities for the squeezed vacuum and the coherent state. Namely, for a coherent state,
and for the squeezed vacuum,
As shown in equations (17), (18) and (19) respectively, the transition probabilities |P |e in all cases depend on the intergals |I ±,β | 2 with I ±,β defined as in Eq. (16). This integral (the rotating-wave resonant term) gives by far, the largest contribution to the probability of transition of the system. Recall that when the atomic probe crosses the cavity at constant (and non-relativistic) speed x(t) = vt the integral (16) is easily evaluated to give [10] ,
At resonance ω β = Ω, we have that the leading-order contribution to the transition amplitude is
Previously we demonstrated that this term could be canceled [10] . From the interaction Hamiltonian (7), we see that multiples of the second harmonic (β = 2, 4, 6, . . .) have the property that their spatial wave functions are of odd parity while for the rest of the harmonics they are of even parity. Thus an atom that flies through the cavity will be effectively changing the sign of the coupling (in the first order correction terms) an even number of times. Hence although the detector may be instantaneously altering the field state along its trajectory, if it travels at constant speed and probes only the even cavity modes, the overall effect on the field state when considering the whole trajectory will be negligible. Upon eliminating this largest term, the maximum contribution to the transition probability is from the sum of all the |I +,β | 2 terms, which is convergent. For the set of parameters studied in this paper, we find that the transition probability for an atom crossing a cavity sustaining a coherent state is of the order of ∼ 10 −22 multiplied by |α| 2 [which is easy to evaluate from (18) noting that the integrals I ± were already evaluated in [10] ]. This indicates that our measurement technique is indeed a QND measurement scheme, allowing us to keep the 'weak adiabatic assumption' for relatively large values of the parameters |α| and r.
Once we have made sure that the weak adiabatic condition is satisfied, in (17), (18) , and (19), we can proceed to calculate the phase acquired by the atom upon interaction with each light field. To this end we need to compute the leading-order contribution to the phase.
B. Calculating the second order contribution to time evolution
The second order contribution to the time evolution of the atom-field system is given by the expression
where U (2) is the second order contribution to the unitary operator (8) .
We prepare the atom initially in its ground state. Hence, the (σ + σ − ) terms in U (2) give zero contribution to Eq. (20) . The only surviving terms are proportional to (σ − σ + ). After a lengthy calculation (see the Appendix ), we obtain the leading-order correction to the phase factor for the squeezed coherent state to be,
where
|ψ (0) is the initial state of the joint atom-squeezed coherent system, and |ψ(T) ⊥ is the second-order correction which is orthogonal to the initial state and which is irrelevant to the computation of the phase. |ψ(T) ⊥ , should be small enough for all our assumptions to hold. Its magnitude will have an impact on the visibility of the fringes in the interferometric experiment as detailed in [10] . Since this constitutes a sub leading contribution to the probability of modifying the state O(λ 2 ) in amplitudes, O(λ 4 ) in the probabilities) that is not canceled by the mode invisibility technique, as opposed to the leading order, its magnitude must also be kept under control to guarantee the QND nature of the measurement. We will see that this term remains under control for all the relevant cases studied here.
For r = 0 we recover the case of a coherent state in the cavity mode we want to probe. For that particular case the expression simplifies to
Similarly for the case α = 0 we recover the squeezed vacuum. In this case the leading-order contribution is
Calculating the phase factor acquired by an atom after an interaction with a given light field According to our weak adiabatic scheme explained in Sec. V A, we expect that a state that starts at time t = 0 will evolve to almost the same state but for an additional global phase factor γ [see Eq. (12)]. Upon simplification, Eq. (12) reduces to
where η could be a complex number due to the presence of orthogonal terms in the leading order contribution to γ, implying that γ = Re[η]. Multiplying Eq. (22) from the left by ψ(0)| and substituting back into Eq. (24) we find
for the phase acquired by an atom flying through a cavity with a squeezed coherent state of light. For the particular case when r = 0, we have the phase acquired by an atom crossing a cavity with coherent state sustained in it to be
Similarly, when α = 0, the phase acquired by an atom crossing a cavity containing a squeezed vacuum state is Figure 2 shows different plots of the measurable phase γ [the real value of η(r, α)] as a function of its dependent variables αandr and the relative phase difference Ψ = 2θ − φ. The atom is taken to fly through the cavity for a time t = βπ/ω β at a velocity v = 1000m/s. The inset in the center plot of Fig. 2 shows that our method is sensitive to values of r that are experimentally realizable [22] , although we have plotted our results for values of r well beyond this range. We clearly see that while the probability that the system evolves to some different state is rendered negligible, the global phase factor (which can be determined via atomic interferometer by comparison with a known state) is not negligible. Figure 3 shows a plot of Re[η(α)] as a function of the amplitude of the coherent state |α| and Fig. 4 as a function of r.
VI. PHASE SENSITIVITY TO THE STATE PARAMETERS
Our final goal is to be able to compare the different dynamical phases acquired by different states through an atomic interferometry experiment. For that we need to know how the global phase acquired depends on the parameters of the relevant states studied.
From (25) we see that the global phase acquired by the atom crossing a cavity where a squeezed coherent state is prepared, is sensitive to (1) the magnitude of the displacement parameter |α|, (2) the squeezing parameter r, and (3) the relative angle 2θ − φ between the squeezing and displacement operations in phase space. This means that the global phase contains information about the Wigner function of the squeezed coherent state: both the average number of photons and the relative phase between the squeeze and displacement operators. If we were able to measure it we could use it to characterize a coherent state or a squeezed state or to measure the direction of squeezing in phase space relative to the direction of displacement in a coherent squeezed state. Figure 2 shows how the dynamical phase is sensitive to these three parameters. For the relative phase between the squeezing and the displacement, we see that there is indeed an appreciable phase difference that increases when the photon number expectation of the mode increases.
The figure also shows that the phase is extremely sensitive to the values of the squeezing parameter and the displacement parameter for a range of values (although it loses sensitivity when the expected photon population increases). This suggests that the measurement of this phase would be an extremely good method for probing, in a nondemolition way, states that are very scarcely populated, losing sensitivity as the photon population increases. Figure 5 shows the different visibility factors that would impact an interferometric experiment, where we compare the phase acquired by an atom going through a cavity with the target state of light and some other reference phase. Consistently with the previous results, we see that the method works much better in probing states with a low photon number expectation.
VII. MEASUREMENT SETTINGS
We have determined how the global phase acquired by an atomic probe behaves as a function of the parameters of the probed states of light in a quantum non-demolition measurement setting. However global phases cannot be directly measured. We will therefore always need to use an interferometric scheme, such as the one described in Fig. 1 , to obtain the phase acquired from the probed state relative to the phase of a known reference state.
When it comes to choosing a reference state, we would like it to be a state that is easy to prepare and control in the laboratory. In our previous work [10] we used Fock states as reference states to probe unknown Fock states. However, this is less than ideal since the preparation and control of Fock states of light is a rather challenging enterprise in quantum optics [28] . We would like to remove this constraint from the 'mode-invisibility' QND measurement scheme. A natural candidate for a reference state is a coherent state. These states are among the We see that in that regime reasonable sensitivity to the phase is attained. However for large squeeze amplitudes r > 5, the phase value ceases to be sensitive to the squeeze amplitude. easiest to prepare and control in quantum optic laboratories [16] . We have shown that the mode-invisibility technique is also applicable to coherent states of light. Using a cavity with a coherent state sustained in it as a reference cavity (see the measurement setup [10] ) we shall see that it is possible to measure the expected photon content of Gaussian states and the relative phase between a squeeze and a displacement operation. Furthermore, we will see that it is possible to obtain the same measurement resolution as in [10] by using a coherent state as reference instead of another controlled Fock state.
A. Interferometric measurement of a squeezed coherent state using another coherent state as reference
The phase acquired by an atom crossing a cavity sustaining a squeezed coherent state of light is given in Eq. (25) . To measure this phase, we will compare it with that acquired by an atom crossing a cavity with a coherent state in it. This phase difference is given by the expression and we have defined α R as the amplitude of the reference coherent state. We show in Fig. 6 a plot of the phase resolution to distinguish the relative phase difference acquired by an atom that interacts with a squeezed coherent state with Ψ from another with Ψ + δΨ. We can thus obtain the phase resolution required to distinguish between two coherent states and two squeezed vacuum states by setting r = 0 and α = 0 in Eq. (28) respectively. Figures 7 and 8 show their individual plots.
The phase resolution needed to tell apart different values of r is shown in Fig 8. Additionally, we also show in Fig. 6 the interferometric phase resolution needed to measure the relative direction of squeezing with respect to the displacement. This shows our ability to distinguish two different coherent states as the amplitude of the state changes.
B. QND measurement of Fock states using coherent states as reference
The original formulation of mode invisibility [10] considered distinguishing between a Fock state containing n photons and another Fock state containing n + m photons. The phase acquired by an atom crossing a cavity containing a Fock state of light is [10] γ(n) = Re −i ln 1−λ
In the non-relativistic case, if we assume γ 1, then this expression is given as
and so the phase γ = Re(η) will be given by
(29) On the other hand, the phase acquired by an atom crossing a cavity sustaining a coherent state of light is given in Eq. (26) . In the nonrelativistic case, if we assume γ 1, we also have
(30) If we prepare an experimental setup as illustrated in Fig.  1 to measure an unknown Fock state of light trapped in a cavity using a known coherent state as the reference, the difference between phases acquired during an interaction with this light field state is given in the nonrelativistic limit as ∆γ
We can compare the phase resolution in this case (the interferometric phase difference between a Fock state of n photons and a Fock state of n + m photons). We defined the phase resolution of the interferometric experiment as the difference in the observed interferometric phases between states with n and n + m photons. Previously [10] we employed a known Fock state as a reference, yielding
where the respective interferometric phases are ∆γ(m + n) and ∆γ(n) for m + n and n photons. This phase resolution was found to respond linearly for a small number of photons in the target state. However as the number of photons increases, the slope of the curve decreases logarithmically, worsening the resolution of the interferometric experiment [10] . This is not surprising: it is challenging to distinguish a state with 10 6 photons from one with 10 6 + 1 photons, unlike distinguishing between single-photon and two-photon states.
As mentioned earlier, a significant challenge in the previously proposed measurement scheme [10] is to prepare a Fock state of light in the reference cavity. The discussion above indicates that coherent states can be used as a reference for the interferometric phase determination of an unknown Fock state.
In this new scenario, the interferometric phase between the reference coherent state and the unknown Fock state that we want to identify is given by (31). The phase resolution required to distinguish between a Fock state containing n photons and one containing n + m photons, in this new scheme where the reference is a known coherent state, is
In the nonrelativistic case, this becomes
and we have the full expression (up to order λ 2 ) given as
The last equation yields an expression independent of the amplitude of the coherent state, one similar to that of a reference cavity sustaining a Fock state of known photon number m. Figure 9 shows the phase resolution plotted against the unknown number of photons n in the Fock state that we want to probe. We see that the phase resolution is linearly dependent on the number of photons.
Here we send the atom into the interferometer at speed v = 1000m/s and a coupling strength λ = 10 −6 − 10 −4 . Given that the phase resolution required for an interferometric experiment is of the order of fractions of millirads, we see from the plot that we have more than enough phase resolution to distinguish between Fock states differing only in one photon using a coherent state reference.
VIII. STABILITY OF THE MODE INVISIBILITY
As a final remark, notice that the mode-invisibility technique relies on the fact that the spatial symmetry of the even field modes effectively cancels the action that an atomic probe transversing the cavity at constant speed exerts on the field. For that, it is important that the speed of the atom crossing the cavity be kept constant. A legitimate question one may ask then is how stable the method is if we allow for variations in the speed, so that the atom spends more time in the first half of the cavity than it spends in the second.
A simple way to assess this stability is to consider that the coupling strength is not uniform in time. For example we can have that the coupling strength of the atom in the first half of the cavity be larger than the coupling strength in the second half. With that purpose, we can monitor how the excitation transition probability is minimized by introducing a switching function χ(t) = (1− t) to the interaction Hamiltonian
µ(t)φ[x(t)]
This means that the leading order contribution to the amplitude of probability to change to a different state due to the passage of the atom (16), will be modified as
And the probability that the systems evolve to a different state -which under the weak adiabatic condition has to fulfill the condition that P e 1-is plotted as a function of in Fig. 10 . This shows that the method is rather stable (quadratic in ) under small perturbations of the symmetry that allows the mode invisibility to work. The transition probability is approximately P |e ≈ 10 −14 for = 10 −3 .
IX. CONCLUSIONS
We have extended the 'mode-invisibility' technique proposed in [10] to find information about the Wigner function of more general states of light in a nondestructive measurement by means of atomic interferometry. Our result shows that the technique can be safely employed to probe squeezed-coherent states. We showed that for realistic values of the physical parameters, it is possible to gain information about the amplitude of the squeezing parameter r, about the coherent state parameter |α| and, even more, about the relative phase difference (2θ − φ), (the direction of the squeezing in phase space relative to the direction of displacement), all of it without significantly perturbing the quantum state of light probed. Since the method is a nondemolition measurement, we could employ successive measurements (which will not alter the state of light significantly) to characterize more than one parameter of the state of light.
Furthermore, how this 'mode-invisibility' technique could be used to characterize, in a nondemolition way, some features of the Wigner function of different states of light (photon number expectations, phase space distribution first and second moments, etc.) remains unexplored.
We also showed that we do not need to control and sustain known Fock states in a reference cavity in order to probe a target Fock state. Instead, an easily produced and sustained reference coherent state can be used, yielding the same phase resolution as earlier obtained in [10] . This eliminates the setbacks of having to control and maintain a reference Fock state to probe another one, considerably simplifying a possible experimental implementation.
A natural direction to pursue for future work is to see if our mode-invisibility approach can be used to extract more information about the Wigner function of the states of light. In particular, given the mean of the distribution, how sensitive is our approach to the uncertainties in the quadratures? These studies may lead to proposals for QND techniques that may help build less demanding techniques of state tomography of quantum light.
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